The relationship between shrub vegetation and precipitation is one important component of desert vegetation responses to climate change, but it has not been understood completely because of its complexity and nonlinearity. In this study, we used MODIS NDVI data and precipitation data from 2004 to 2012 to evaluate the relationship between the shrub vegetation and precipitation within Gurbantunggut Desert, Central Asia. Correlation analysis was employed to explore the relationship between NDVI and precipitation within growing season, within cross growing season, and on interannual scale. The results showed that NDVI could be classified into three temporal changing patterns within growing season, and NDVI was significantly correlated with the precipitation integrated by time durations and time lags within growing season; NDVI was significantly correlated with precipitation in the early growing season, but this relationship was not so obvious in the middle or late growing season; and the NDVI variational patterns depended on mean annual precipitation and the distribution of precipitation throughout the year. Precipitation had significant influence on shrub vegetation within Gurbantunggut Desert. Our findings provide basic knowledge for the relationship between precipitation and shrub vegetation, and it is helpful to understand how the desert vegetation responds to climate change in the future.
Introduction
Desert is typically one kind of water-limited ecosystems, which has low precipitation and high potential evapotranspiration [1] [2] [3] . How desert vegetation responds to climate change, such as variation in precipitation, is a wide concern for the ecologists and the meteorologists, and many researches have addressed this issue [4] [5] [6] [7] .
Shrub vegetation links the soil and atmosphere, displays seasonal and annual changes obviously, and acts as a sensitive indicator of climate changes in shrubland, which is vastly distributed in the desert [8, 9] . Precipitation is the primary supplier for soil water in the desert, where soil water is a strong limiting factor for vegetation growth within a year [10] [11] [12] [13] [14] [15] ; thus studying how the shrub vegetation responds to precipitation variation is one important component of desert vegetation responses to climate change.
On global scale, mean annual precipitation is one of the best predictors of vegetation production [16, 17] . But the relationship between precipitation and vegetation is remaining uncertain because of complex ecohydrology process on different spatial-temporal scales. Several studies demonstrated that there is no or only a weak relationship between interannual precipitation and vegetation production in some sites [16, 18, 19] ; several studies demonstrated that there is a strong relationship between precipitation and vegetation production in other sites [20] [21] [22] ; and several studies showed that vegetation could strongly respond to precipitation in different time lags and durations [16, [23] [24] [25] [26] [27] , just like the pulsereserve paradigm, which indicate that vegetation growth following a precipitation event is dependent on the intervals between precipitation events and the necessary duration when the vegetation can obtain sufficient water to initiate biomass production [28] . The mechanism, extent, and time of 2 Advances in Meteorology   140E  130E  120E  110E  100E  90E  80E  70E  60E  50E  40E   140E  130E  120E  110E  100E  90E  80E  70E  60E  50E  40E   50N  N   40N   30N   20N   50N   40N   30N   20N   0  10 the influence of precipitation on vegetation are far from being completely understood. NDVI, a kind of vegetation index which is very significant to reflect the information of vegetation, is widely used to be an indicator of growth status, spatial density distribution and phenology of plant, and productivity and biomass of ecosystem since the 1980s, and it is an effective method to study the vegetation in the ecosystem-level [9, 26] . The values of NDVI range from −1.0 to 1.0, and increasing positive NDVI values indicate increasing amounts of green vegetation; NDVI value is near zero or negative, which indicates nonvegetated features, such as barren surfaces (rock or soil), water, snow, ice, and clouds [9, 29] . MODIS NDVI products, like MOD13Q1, were widely used because of their high temporal resolution and moderate spatial resolution [23, [30] [31] [32] [33] [34] .
In this study, we used the MOD13Q1 product data and precipitation data to evaluate the relationship between shrub vegetation and precipitation within Gurbantunggut Desert within growing season, within cross growing season, and on interannual scale. The main objects of this research are (1) to explore the temporal patterns of shrub vegetation variability characteristics during the growing season; (2) to examine the relationship between shrub vegetation and precipitation on different time scales; and (3) to explore the patterns that the shrub vegetation responds to precipitation variability. (Figure 1 ). The altitude in the region varies from 424 to 729 m above mean sea level. The vegetation is dominated by Haloxylon ammodendron, Haloxylon persicum, and other common species, including Calligonum leucocladum, Alhagi sparsifolia Shap., and Ceratocarpus arenarius L. The vegetation growth mainly occurs from late March to early November. The vegetation is discontinuous with a total coverage of about 30%, of which herbaceous plants account for less than 5%. There are also some ephemeral species in spring. Soil is classified as sand loam [35] [36] [37] .
Materials and Methods
The study area has an extremely arid climate, with a mean annual precipitation of 135 mm (70% occurring in spring and summer) but with a potential annual evaporation of 2,000 mm, and an average annual snow cover period is about 103 days in this area, starting from late November and ending in mid-March of the following year. The study site has a mean annual temperature of 4-6 ∘ C but with a hot summer (mean monthly maximum 32.6 ∘ C, in July) and a cold winter (mean monthly minimum −21.8 ∘ C, in January) [35] .
Data Collection and Processing.
In the study, we used nine-year NDVI datasets in growing season (from DOY 81 to 305) to evaluate the vegetation variation patterns in the study area. MODIS Terra vegetation indices 16-day composite collection 5 level 1 at the tile of h24v4 at 250 m spatial resolution (MOD13Q1) in HDF format were acquired between 2004 and 2012 in the growing season, from the following website: http://ladsweb.nascom.nasa.gov/data/search.html, which is maintained by the NASA Land Processes Distributed Active Archive Center at the USGS [24] . The data format was transformed into GEOTiff format using the MRT software and the images were clipped using the study area border executed in ARCGIS 9.3 Software [24] . MOD13Q1 included NDVI band which provided information about growing conditions on the ground, and it was widely used as a representative for biomass production [24] . The means of all pixels (resolution 250 m per pixel) in the study area for all the 16- , approximately 10 km away from the study area, and they were measured at a frequency of 10 Hz and recorded every five minutes and then stored as 30 min mean data. The 30 min precipitation data were aggregated to daily data every day, and the daily data were aggregated to 16-day data to match the 16-day NDVI data, and the sum value of all daily precipitation data within a year was calculated as yearly data for every year; then the sum value for each of the 16-day data and its succeeding data of the year were calculated as accumulate precipitation of each 16-day period.
Statistical Analysis.
Pearson correlation analysis was used to examine the degree of correlation between precipitation and NDVI within growing season (within-season), cross growing seasons (cross-season), and cross years (interannual), just as Richard and Poccard (1998) and Wang et al. (2003) did in their studies [27, 38] . Within-season analyses examined the relationship between NDVI and precipitation in different 16-day periods of the same growing season for every year. Cross-season analyses examined the relationship between NDVI and precipitation in the same 16-day period through different growing seasons. Interannual analyses examined the relationship between NDVI and precipitation on yearly scale.
In order to analyze the relationship between NDVI and precipitation within growing season, the correlation coefficients between current NDVI and different combinations of duration and lag precipitation were calculated every year. We designed five different durations (1-5 16-day time durations) and six different time lags (0-5 16-day time lags) for precipitation. This resulted in a total of 30 different combinations as shown in Table 1 . Thus it was able to assess which combination (duration and lag) of precipitation mostly influenced current NDVI.
For analyzing the relationship between NDVI and precipitation on cross-season scale, the correlation coefficients between current NDVI and different combinations of duration and lag precipitation of the same 16-day period through different growing season were calculated. The result provided the evidence for distinguishing in which period during the growing season NDVI was mostly influenced by precipitation. The same analyses for NDVI and precipitation integrated over the same set of 30 precipitation combinations as within-season (5 durations × 6 lags) were performed, which was helpful to assess which combination of duration and lag chiefly influenced current NDVI.
In order to analyze the interannual relationship between precipitation and NDVI, the correlation coefficient between the total precipitation and mean annual NDVI was calculated. Based on those analyses, how significantly the total annual precipitation correlated with the mean annual NDVI could be evaluated. And the correlation coefficients between accumulative precipitation in each 16-day period and annual mean NDVI were calculated to evaluate in which period Table 1 : The design of temporal patterns (5 time durations × 6 time lags) of precipitation for analyzing the relationship between current NDVI and different combinations of duration and lag precipitation. The numbers in the cells indicated the time interval for which precipitation was accumulated (0 indicated the current 16-day period, 1 indicated the first previous period, 2 indicated the second previous period, 0-1 indicated precipitation was accumulated from current period to the first previous period, 0-2 indicated precipitation was accumulated from current period to the second previous period, etc.).
the accumulative precipitation mainly influenced the annual mean NDVI.
Results

General Trends of NDVI and Precipitation during the Growing Season. The 16-day NDVI values of MOD13Q1
product for the natural shrubland during the growing season within Gurbantunggut Desert ranged from 0.0628 to 0.2618, which were lower than that of other land-cover categories, like forest and cropland, and the NDVI values were polytropic within growing season between years. NDVI curves for the study area in the nine years could be divided into three categories according to the shapes of the curves in each growing season. The first category could be described as bimodal pattern (for the years Small precipitation (less than 5 mm) was main and extreme precipitation (over 30 mm) was rare in this area. And the precipitation happened unevenly in a year, mainly from April to August but seldom from September to March.
Within-Season Relationship between NDVI and Precipitation.
There was a considerable year-to-year variation about the relationship between NDVI and precipitation. The correlation coefficients between precipitation and NDVI were high in the specific combination of time duration and lag. However, in the years that featured no-peak pattern, the correlation coefficients between precipitation and NDVI were lower than =0.05 = 0.51 in the year of 2005 and were negative in the year of 2012. In terms of duration, NDVI was more correlated with the sum of precipitation in three to five 16-day periods than that in one or two periods in general. In terms of time lag, NDVI was more relative with the second and third preceding 16-day periods in general, but the statistical results were varied in different years (Table 2) . With the time duration lengthening, the time lag for NDVI responding to precipitation was shortened.
Cross-Season
Relationship between NDVI and Precipitation. There was also a considerable variation about the relationship between NDVI and precipitation in the different time periods within a year. The combination of time duration and lag influenced the relationship between NDVI and precipitation significantly. NDVI was significantly correlated with precipitation in all the time lags from May 9 to June 26 and in 3-5 time lags from August 13 to 29, while the relationship in the other periods was not so obvious (Table 3) . In terms of time duration, the longer the duration was, the more the NDVI correlated with precipitation during the period that they correlated. In terms of time lags, NDVI was more strongly influenced by the current to fourth preceding 16-day periods during the period when NDVI correlated with precipitation on cross-season scale.
Interannual Relationship between Precipitation and NDVI.
In the shrubland within Gurbantunggut Desert, total annual precipitation ranged from 102 mm to 185.9 mm and mean annual NDVI values ranged from 0.1559 to 0.1901. The correlation coefficient between total annual precipitation and mean annual NDVI was 0.75 (greater than =0.05 = 0.67), which meant that annual mean NDVI was significantly correlated with total annual precipitation ( Figure 3) .
The correlation coefficients between mean annual NDVI and the accumulative precipitation for each 16-day period showed that the correlation coefficients increased steadily, became greater than =0.05 = 0.67 on the DOY 177, and kept steady until the end of the year (Figure 4) . Advances in Meteorology Table 2 : Within-season correlation coefficients between precipitation and NDVI of the shrubland within Gurbantunggut Desert. The numbers in the first column indicated the time interval for which precipitation is accumulated (0 indicated the current 16-day period, 1 indicated the first previous period, 0-1 indicated from current period to first previous period, etc. 
Discussion
The shrubland within Gurbantunggut Desert is a kind of ecosystem with a long growing season (from late March to early November) and the ecological process is variable within and cross the season/year. For understanding how the shrub vegetation within Gurbantunggut Desert responded to precipitation variability, correlation analyses between NDVI acquired from MODIS 16-day composite product at 250 m spatial resolution (MOD13Q1) and precipitation observed in automatic weather station near the study area were carried out within growing season, within cross growing season, and on interannual scale. The analytical results showed that NDVI was significantly correlated with the combination of time durations and time lags of precipitation, but not significantly correlated with the precipitation in the current period, which indicated that the shrub vegetation responded to the variability of the precipitation chronically and accumulatively, but not immediately or independently.
The Variability of the Shrub Vegetation and Its Relationship with Precipitation within and Cross Growing Season.
The relationship between shrub vegetation and precipitation revealed a significant positive correlation during the study period, but the related patterns were varied in different years because of yearly precipitation amount and precipitation distribution within a year. The relationship between the yearly precipitation amount and the NDVI variational patterns was analyzed, and the result indicated that the bimodal pattern appeared in wet year (yearly precipitation amount higher than 153 mm), the unimodal pattern appeared in normal year (yearly precipitation amount ranged from 111 mm to 153 mm, except in the year of 2006), and the no-peak pattern appeared in dry year (yearly precipitation amount lower than 111 mm, except in the year of 2005). The mean annual NDVI values among the bimodal, unimodal, and no-peak patterns were compared, and the result revealed that the relationship among the three patterns was NDVI bimodal > NDVI unimodal > NDVI no-peak Table 3 : Cross-season correlation coefficients between NDVI and precipitation in different combinations of time periods for the shrubland within Gurbantunggut Desert. The numbers in the first row indicated the periods for which precipitation was accumulated (1 indicated the current 16-day period, 2 indicated the sum of the current period and the first previous period, 3 indicated the sum of the current period, the first previous period, and the second previous period, etc.). The numbers in the first column indicated the time lags for the precipitation (0 indicated the current 16-day period, 1 indicated the first previous period, etc.). (NDVI bimodal , NDVI unimodal and NDVI no-peak indicated the mean annual NDVI value for the bimodal, unimodal, and nopeak patterns, resp.). In the shrubland within Gurbantunggut Desert, Haloxylon ammodendron and Haloxylon persicum were the dominant species, which were dual-rooted droughtenduring perennial shrubs, accompanied with some grass and ephemerals under the canopy and intercanopy [39] [40] [41] [42] [43] . The variability of NDVI reflected the growth condition of Haloxylon ammodendron and Haloxylon persicum to some extent. In the early growing season, the vegetation growth and the NDVI value increased steadily and peaked in May of the year if there was enough water in the soil for plant use. The Haloxylon ammodendron and Haloxylon persicum are characteristic of falling off assimilation shoots and summer dormancy to avoid the harm from high temperature in the months of June and July [44, 45] ; thus the NDVI value in the middle growing season decreased. The vegetation physiological function revived gradually when the high temperature was falling in August, and enough water would be stored in the soil if there was a large amount of precipitation in July and August; then the vegetation grew quickly and the NDVI value The correlation analysis between NDVI and precipitation could be used to evaluate the relationship between the vegetation and precipitation. Within-season analysis showed that the relationship between NDVI and precipitation in any 16-day period was not significant at any time lag, but significant correlation between NDVI and precipitation integrated in the previous two or three 16-day periods could be shown, which indicated that the shrub vegetation responded to the variability of precipitation chronically and accumulatively, but not immediately or independently. In the shrubland within Gurbantunggut Desert, Haloxylon ammodendron and Haloxylon persicum were the dominant species, which were the dual-rooted perennial wood shrubs and most fine roots distributed to a depth of 40-100 cm underground. It would take precipitation a long time to transform into effective soil water which plant roots could absorb because of high evaporation potential [39] and low precipitation intensity [46] in this region.
Cross-season analysis showed that in the early growing season (approximately from May 9 to June 26) NDVI was significantly correlated with precipitation occurring in the one to three periods before the current period and integrated in the previous one to four periods. And in another period when the second peak appeared in the bimodal pattern NDVI was significantly correlated with precipitation integrated in the previous three or four periods, but no significant correlation between NDVI and precipitation could be shown in the other periods of the growing season. As the dominant species in Gurbantunggut Desert, Haloxylon ammodendron and Haloxylon persicum were highly capable of adapting to the environment changes and were extremely competitive, especially for water [42, 45, 47] . It is in the period of May to June when Haloxylon ammodendron and Haloxylon persicum expanded their nourishment branch. If there was enough water stored in the soil, then the precipitation in this period could be used for plant growth, so NDVI and precipitation in this period were significantly correlative. In the month of August, the air temperature declined to such an extent that Haloxylon ammodendron and Haloxylon persicum could grow again, and the water accumulated in the soil could be used for plant use; therefore the vegetation growth condition in this period was significantly correlated with precipitation integrated in the previous three or four periods. In the other periods of growing season, the vegetation growth condition might be controlled by other factors, such as air temperature and physiological characteristics of plant; therefore the relationship between NDVI and precipitation in these periods was not so significant.
Interannual Relationship between the Shrubland Vegetation and Precipitation.
The correlation analysis between mean annual NDVI during the growing season and total annual precipitation showed that total annual precipitation remarkably influenced the shrub vegetation within Gurbantunggut Desert. The correlation analysis between mean annual NDVI and within-year accumulative precipitation in each 16-day period showed that the accumulative precipitation before the DOY 177 (June 26) was not significantly correlated with mean annual NDVI but the relationship between them got more and more significant after June 26, which showed that most precipitation in the early days of the year was accumulated in the soil, forming inefficient soil water, and this part of precipitation could not influence the changes of the shrub vegetation directly; it just provided the soil with water to maintain the plant alive. But, from the middle days of the year, approximately June, the precipitation was accumulated enough for soil to hold, and the precipitation from June was used for plant to grow quickly.
Conclusions
This study focused on the relationship between shrub vegetation and precipitation within Gurbantunggut Desert during the growing season. Correlation analysis was employed to explore the relationship between NDVI, a representative for vegetation, and precipitation within growing season, within cross growing season, and on interannual scale. The results showed that NDVI could be classified into three changing patterns: bimodal, unimodal, and no-peak. The correlation analysis in growing season showed that NDVI was significantly correlated with the precipitation integrated by time durations and time lags. The correlation analysis on cross growing season scale showed that NDVI in the early growing season was significantly correlated with precipitation, but the relationship in the middle and late growing seasons was weak. The NDVI variational patterns depended on mean annual precipitation amount and the distribution of precipitation within a year. It is indicated in this study that the shrub vegetation variability within Gurbantunggut Desert was significantly correlated with precipitation chronically and accumulatively but not immediately or independently. With global climate change, precipitation regime has also been changed, and the vegetation in the desert ecosystem may be varied too.
